Abstract: Simulium degrangei Dorier & Grenier, 1960 was recorded in southern and central Europe and in the Crimea and Caucasus. Its distribution pattern is scattered. The variability of the mtDNA gene encoding cytochrome oxidase I was studied in populations of S. degrangei from the Western Carpathians in Slovakia and in the northern Hellenides of Greece. In the analyzed samples, 21 haplotypes were recorded, of which twenty were private and occurred in only one mountain range, but one haplotype was found in all three studied populations from the Western Carpathians. Both haplotypes from the Hellenides were private, but these were not isolated and they fit into the haplotype network of the Western Carpathians. Statistics of genetic variability, different designs of analysis of molecular variation with non-significant differences and the pair-wise genetic distances support the hypothesis that there are no differences between the analyzed populations. Similarly, using nested clade phylogeographical analysis, no genetic-geographical structure was found.
Introduction
Simulium (Simulium)degrangei Dorier & Grenier, 1960 is one of three species from the bukovskii species group. This species, earlier registered in Slovakia as schoenbaueri sensu Novák not Enderlein (Novák 1956 ) and in Serbia (Zivkovitch & Grenier 1959) , and later described from the western border of the Alps in Savoy, is known to occur in southern and central Europe and in Transcaucasia (Adler & Crosskey 2011) . The second species, Simulium (Simulium) bukovskii Rubtsov, 1940 was registered in the Crimea, southern Russia, Transcaucasia, northern Anatolia and the eastern Balkans. These species are very similar and Crosskey & Zwick (2007) proposed that their identity and synonymy should be considered. The distribution area of both species appears to partly overlap in Transcaucasia and in the eastern Balkans. However, the presence of S. degrangei in Transcaucasia is based on Simulium sastscheri Machavariani, 1966 , recently synonymised with it (Yankovsky 2003) , and the occurrence of S. bukovskii in the Balkan areas of Romania and Bulgaria is based on less reliable data (Dinulescu 1966; Kovachev 1979) . The last species from this group, Simulium (Simulium) vigintifile Dinulescu, 1966 is known only from the original description from Romania and it has not been recorded elsewhere since (Jedlička et al. 2004) .
The distribution of S. degrangei is unusual, at least in the parts of central Europe with well-known blackfly fauna, e.g. in Slovakia, where sufficient data on blackfly distribution exists from the entire country (Stloukalová & Jedlička 2005) . S. degrangei has an atypical scattered distribution there, ranging from 102 up to 1000 m a.s.l., and it has been found in streams and rivers with width ranging between 2 m in the Malé Karpaty Mountains and 600 m in the Danube (Kúdela 2011) . Such distribution pattern often indicates the presence of sibling species (Adler & McCreadie 1997) .
This, together with the anticipation that S. bukovskii and S. degrangei are conspecific (Crosskey & Zwick 2007) , call for the use of different techniques which can illuminate the status of these species. Therefore, methods of molecular taxonomy may be suitable to reveal their identity. The use of DNA sequences for the identification of species and the detection of cryptic species within a morphospecies is widely used and routinely applied (e.g., Brown et al. 1999; Bucklin et al. 1999; Vincent et al. 2000; Ball et al. 2005; Barrett & Hebert 2005; Cywinska et al. 2006; Carew et al. 2007) .
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applied for the differentiation of the blackflies at both interspecific and infraspecific levels. These applications include: (i) restriction fragment length polymorphism (RFLP), e.g., Post et al. (2003) in the Simulium damnosum group, Zhu et al. (1998) in Simulium vittatum; (ii) random amplification of polymorphic DNA (RAPD) - Duncan et al. (2004) in S. vittatum; (iii) directed heteroduplex analysis (DHDA) in S. damnosum s.l.; or (iv) inter-simple sequence repeats (ISSR) - Dušinský et al. (2006) in Prosimulium spp. and Simulium variegatum species group. All these methods have contributed to the solution of several issues in blackfly taxonomy. However, sequencing methods have prevailed especially during the last decade (e.g. Finn & Adler 2006; Day et al. 2008; Rivera & Currie 2009 ).
Several genes in the nuclear and mitochondrial genome can be used at various hierarchical levels in the taxonomy of animals. For example, in the damnosum species group no differences were found in intergenic spacer region of rDNA between five analyzed species with the exception of the number of A subrepeats at the 5'-end and in one position at the 3'-end (MoralesHojas et al. 2002a) . Five out of six analyzed sibling species were identified based on sequences of 16S rRNA and NADH dehydrogenase subunit 4 genes . In Simulium tani Takaoka & Davies, 1995 the cytochrome oxidase I (COI) of mtDNA was successfully used for resolving phylogeographical questions in Thailand (Pramual et al. 2005) . The same gene was successfully used for discrimination between Simulium reptans Linnaeus, 1758 and Simulium galeratum Edwards, 1920, where the status of the species on the morphological basis was ambiguous (Day et al. 2008) , and it was also able to separate the four very similar species from the aureum group in Britain (Day et al. 2010) . In a more comprehensive study on North American blackflies, 87% of the 65 studied species were reliably identified on the basis of a 615-bp long fragment of COI, which was found to be an effective marker for the identification of blackfly species (Rivera & Currie 2009) . Discrimination between siblings, however, is not always achieved (Adler et al. 2010) . Similarly, the identification of two related European species, Simulium vernum s. str. and Simulium crenobium was not possible based on a 618-bp long fragment of COI (Ilmonen et al. 2009 ). The problem of species recognition and identification using DNA sequences has recently been reviewed by Adler et al. (2010) .
The goal of the present study was to characterize the genetic variability and population structure of S. degrangei in the Western Carpathian Mountains, particularly in relation to the scattered distribution of S. degrangei in central Europe, and to create a preliminary database to solve the taxonomic problems within the bukovskii species group. Despite a low number of analyzed samples, this approach is suitable especially in the case of rare species. The genetic structure of the populations can indicate whether these populations are conspecific or if they imply the presence of several Tatra Mountains  ZT01  ZT  JQ045308  ZT02  ZT  JQ045317  ZT03  ZT  JQ045321  ZT04  ZT  JQ045327  ZT05  ZT  JQ045328  ZT06  ZT forms. The working hypothesis tested in this study was that S. degrangei represents a single taxonomic unit. The sequence codes, their reference to the populations and GenBank accession numbers are given in Table 1 .
Material and methods

Material
Molecular methods
Total genomic DNA was isolated using the prepGEM Insect DNA extraction kit according to the manufac-turer's instructions (ZyGEM Corporation Ltd, Hamilton, New Zealand). The target sequence of the mitochondrial COI was amplified using PCR with the universal primers LCO1490 (5'-GGTCAACAAATCATAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAAAT CA-3'; Folmer et al. 1994) . Commercial mastermix (5Prime HotMasterMix) was used according to instructions (5Prime, Hamburg, Germany). The total reaction volume was 10 µL (4 µL 5PRIME HotMasterMix, 1 µL of each 10 µM primer solution, 2 µL DNA template and 2 µL ddH2O). Thermal cycling was initiated with a denaturation step at 94 • C for 5 min. The presence or absence of PCR product was determined on 1% agarose gel. PCR products were purified with ExoSAP-IT (USB, Cleveland, USA) and sequenced using standard Sanger sequencing on the automatic genetic analyzer Applied Biosystems with the BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, USA) according to the standard kit protocol. Briefly, 20 µL reaction volume, 2 µL BigDye Buffer, 4 µL Ready Reaction Mix, 3 µL ExoSapIT treated PCR product, 3.2 pmol of sequencing primer; thermal cycle according to kit manual; sodium acetate + ethanol post sequencing PCR purification; 100% HiDi Formamide sample dissolving. Both forward and reverse primers used for PCR template preparation were used for the subsequent sequencing PCR. Thus forward and reverse sequence reads were done for each PCR template and a consensus sequence was generated. The obtained sequences were aligned and manually cropped to 536 bp using the program Geneious Pro 3.5.6 (Biomatters, Auckland, New Zealand). All sequences collected for this study are deposited in the GenBank and the accession numbers are listed in Table 1 .
Analyses
Genetic variability was analyzed with Arlequine 3.5 (Excoffier et al. 2005) , DnaSP (Librado & Rozas 2009 ) and MEGA5 (Tamura et al. 2011) . The basic characteristics and genetic diversity indices were calculated; i.e., the number of haplotypes (HT), the number of polymorphic sites, the number of transversions/transitions, base content, the average number of pair-wise nucleotide differences (per HT), the nucleotide diversity π (per site), θ (S) per site, the haplotype diversity and haplotype frequencies in the studied populations. As neutrality tests, the Tajima's D and Fu's Fs were used. The differences in the genetic diversity within populations and among populations were calculated using the simple and nested analysis of molecular variation (AMOVA) with 10,000 permutations being used to assess statistical significance. Three separate AMOVA analyses were conducted. In the simple AMOVA, the differences among all four populations without grouping were studied. In the two nested AMOVAs, two comparisons were performed. In the first, the group of Carpathian populations (MK+VF+ZT) versus Hellenide population (GR) were compared. In the second, the differences between two groups of Western Carpathian populations were analyzed: population from Malé Karpaty Mountains (MK) was compared with two populations (VF+ZT) from central part of Western Carpathians. All analyses are based on K2P model.
The haplotype network was constructed as an unrooted network according to the statistical parsimony criterion (Templeton et al. 1992 ) using the program TCS 1.21 (Clement et al. 2000) . Loops in the sequence network were resolved according to the common theoretical prediction rules (Templeton et al. 1992 (Templeton et al. , 1995 Crandall & Templeton 1993; Templeton & Sing 1993; Crandall 1996; Posada & Crandall 2001; Templeton 2005) and with regard to minimalization of the number of mutational steps and repeated transversions/transitions. To infer the intraspecific population structure, the nested clade phylogeographical analysis (NCPA) was carried out (Templeton et al. 1987 (Templeton et al. , 1992 (Templeton et al. , 1995 Templeton 1998 Templeton , 2001 Templeton , 2004 . The nesting procedure for the NCPA was performed manually following the rules described by Templeton et al. (1992) , Crandall & Templeton (1993) , Templeton & Sing (1993) , Crandall (1996) and Panchal & Beaumont (2007) . The associations among clades were tested using permutational contingency analysis performed by the GeoDis 2.6 program (Posada et al. , 2006 and the results were interpreted using the inference key (Templeton 1998 (Templeton , 2004 .
The molecular evolutionary history was inferred using the maximum-likelihood method (Tamura & Nei 1993) conducted with MEGA5 program (Tamura et al. 2011) . In both analyses a discrete Gamma distribution was used to model evolutionary rate differences among sites (5 categories + G, parameter = 0.2374; Tamura et al. 2011) . The tree with the highest log likelihood (−1038.74) was displayed.
Results
We isolated and amplified 25 copies of one fragment of COI (mtDNA) of three local S. degrangei populations from the Western Carpathian Mountains in Slovakia. Two copies from the northern Hellenides (Greece) were included in the analysis for comparison. These pupae were morphologically identified as S. degrangei and no differences between them and the Carpathian pupae could be observed. A fragment of 536-bp was analyzed after sequencing and alignment. No indels were observed in the sequence alignment. Two ambiguities were indicated in the data. For analysis purposes, these ambiguities were replaced by the base with the highest signal on this site: R was replaced by A at site 28 in both MK03 and MK04. This site became strictly monoallelic in all samples after the replacement.
The selective neutrality as an assumption of phylogeographical inference was tested at the population level. Tajima's D ranges from −1.073 to −0.386 (all ns, P > 0.15). Similar results were obtained in the Fu's F test with statistics ranging from −0.404 to −0.705 (all ns, P > 0.10, Table 2 ). Negative values in both tests could indicate an expanding or a growing population. However, non-significant P -values do not enable reject the null hypothesis on no significant deviations from neutrality.
Genetic variability
The proportion of the bases was almost identical among the populations and no significant differences in ACTG frequencies were found among the populations (χ 2 = 5.315, p = 0.806). The proportion is markedly shifted towards A/T, which comprise 65% of all base pairs.
Of the 536 sites analyzed in this material pool, 40 were polymorphic; all substitutions are synonymous. Transitions 3-5 times predominated over transversions in all populations, and no transversions were found in ZT ( Table 2 ). The differences between the populations in the abundance of transversions and transitions were not statistically significant (χ 2 = 5.719, p = 0.768). Of the 536 sites analyzed in this material pool, 40 were polymorphic. The number of polymorphic sites in particular populations ranged between 7 (1.3%) and 27 (5.0%), with the highest number in the MK population. The overall genetic variability evaluated as the mean number of pair-wise nucleotide differences was highest in the MK population (9.35), followed by GR (7.08), VF (5.82) and ZT (4.64) populations. The same order of populations was obtained using the nucleotide diversity per site π and θ (S) ( Table 2 ). The high degree of genetic variability in the MK population is related to three or four outlying HTs, respectively. Their removal resulted in a substantial decrease of within population polymorphisms to 8 (1.5%) and 14 (3.6%) polymorphic sites if 4 or 3 outliers were considered. The same pattern was observed in the VF population after removal of the outlying VF04. This could indicate the presence of two units within analyzed samples.
In the 27 copies, 21 haplotypes were detected (Table 3). Only one haplotype was common for the three populations, while the other 20 haplotypes (95.2%) were restricted to one population. The most frequent haplotype was MK03 with five copies and a relative frequency of 0.185. This was detected in one copy from MK and by two copies from both, VF and ZT. The MK04 haplotype was present in two copies from MK and the VF01 haplotype was registered in two copies from VF. The MK03 haplotype can possibly be considered to be the most ancestral, judging by its frequency, its distribution and the outgroup weight and outgroup probability of 0.364.
Population structure AMOVA was used to distinguish genetic diversity among and within populations at the haplotype level. The following spatial structure of genetic variation were tested: all populations in one group (MK+VF+ZT+ GR, Table 4a ), Carpathian populations versus the Hellenide population to infer long distance differences (MK+VF+ZT versus GR, Table 4b ) and the differences between two groups of Western Carpathian populations: population from Malé Karpaty Mountains (MK) as most western population versus two populations (VF+ZT) from central part of Western Carpathian (Table 4c). These results support the close relationship of all local populations. In the simple AMOVA at the population level, only 0.51% of the variation (F ST = 0.0051 ns) is explained by the differences among populations and 99.49% is due to variation within populations (Table 4a) . No significant difference was also found between population pairs in the paired comparison of all four populations (Table 5 ). The Carpathian populations are closer to each other, the Hellenide population differs more with F ST values higher by one order. All these differences were not significant and considering the low number of GR haplotypes, results are not reliable enough.
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Similarly, no statistically significant differences were found in nested AMOVA between the Hellenide and the pooled Carpathian populations. However, the variance ratio between the groups was higher (5.31%, F CT = 0.059 ns), but this could be anticipated due to the greater geographic distance. In the third AMOVA, the difference between VF+ZT and the geographically more distant MK was tested. Here, also, no statistically significant difference was evident, with the ratio of variances between the groups 7.40% and the F CT = 0.074ns being only slightly lower than that between the Carpathian and Hellenide populations. In all anal- yses the null hypotheses, which suppose no differences among populations, could not be rejected based on these results.
The haplotype network constructed following the maximal statistical parsimony consisted of 21 real haplotypes and of 35 missing intermediate haplotypes (Fig. 1) . Among these intermediate haplotypes, 17 were restricted to the clade leading to the three haplotypes MK04 (two copies) and MK05+VF04 (both singletons), thus representing the most outlying haplotypes of the entire network. The condition of the minimal parsimony probability 0.95 was accomplished in 10 steps. After removal of the loops related to the nearest neighbour, this border was surpassed only by the connection of the haplotype pair MK05+VF04 to the haplotype VF06 by 11 mutational steps with a parsimony probability of 0.940.
The nested clade design was derived from the haplotype network after resolving the loops. Three levels of nested clades and the entire cladogram were constructed and evaluated. Within any clade, none of the observed parameters of clade distance D c , nested clade distance D n , or interior versus tip distance I-T (Templeton 1998) were statistically significantly small or large. Therefore, the null hypothesis concerning the lack of geographical association could not be rejected using the inference key for the nested haplotype tree analysis of geographical distances (Templeton 2004) , and no significant association was found. Following the available data, it is not possible to infer genetic, geographic or phylogeographic structure. These different methods led to similar topologies and classifications of the sequences.
Distinct phylogenetic structure should be traceable in the evolutionary divergence of populations as OTUs and in the classification of HTs as well. Evolutionary divergence within populations ranges from 0.009 to 0.019 (Table 5 ) and the divergences between populations vary from 0.0124 (between VF and ZT populations) to 0.0245 (between MK and GR populations). These results correspond to the results of previous analyses showing that the differences between populations are minimal.
Evolutionary distances among HTs are very low. The average distance between two HTs is 0.012, with the highest value 0.029 between VF04 (outlier) and GR02. These minimal evolutionary distances among haplotypes are reflected in the ML tree (Fig. 2) , with similar topology and classifications of the HTs as maximum-parsimony haplotype net (and as the not displayed NJ tree). None of the populations forms a separate and well distinguishable cluster as can be seen also on maximum-parsimony tree (Fig. 1) . Two outlying HT pairs -MK05+VF04 and MK04+MK06 are separated from the rest of HTs by nucleotide differences 2.3% which could indicate the existence of a separate taxon. However, they form only two isolated branches, not a closed/well-defined cluster which could be undoubtedly considered to be a separate cryptic taxon.
Discussion: isolation versus continuity
The main goal of this study was to investigate whether the Western Carpathian populations of S. degrangei belong to this species, or if they are fragmented into several distinct units at the infraspecific and eventually at the interspecific level. For this purpose we have investigated the genetic variability level and the population genetic structure of the species in this region using a sample from the Hellenides as outgroups. The doubts on the species identity of S. degrangei from Western Carpathians were coming out from several assumptions. The first is the scattered disjunct distribution and geographic isolation of known breeding sites of the species that excludes recent migration between populations according to the present knowledge. The second assumption is that two other related species, S. bukovskii and S. vigintifile were recorded from Balkan, the former cannot be reliably morphologically distinguished from S. degrangei (Crosskey & Zwick 2007) . Moreover, missing molecular data on the entire bukovskii species group together with the rarity of the species call for establishing a base line for future investigation and comparison.
The transition and transversion ratio for S. degrangei is similar to that reported for the NorthAmerican blackfly Metacnephia coloradensis Peterson & Kondratieff, 1995 (Finn & Adler 2006 . The analyzed populations do not differ in proportion of nucleotide bases, where A and T dominate with an average of 65.86% which is a phenomenon typical for arthropods (Hebert et al. 2003) but also recognized in blackflies (Xiong & Kocher 1991; Morales-Hojas et al. 2002b; Thanwisai et al. 2006; Rivera & Currie 2009 ). This percentage is similar to that found in the same gene in Simulium reptans Linnaeus, 1758, Simulium galeratum Edwards, 1920 (Day et al. 2008 ) and many North American species Finn & Adler 2006; Rivera & Currie 2009 ).
The following AMOVA reveals more comprehensive information about the infraspecific genetic structure and relationships between the populations. All performed AMOVAs refer to the minimal differences among the populations. The highest percentage of variation between groups was noted in the comparison between Carpathian and Hellenide populations (5.31%). However, it indicated minimal differences between the geographically distant populations. For comparison, in the alpine M. coloradensis the differences noted between the populations represent 17.3% of the overall variation (Finn & Adler 2006) , and in the arctic-alpine P. neomacropyga 13.64% of the variation was among alpine regions, 24.58% among streams within the region and 61.78% was within alpine populations . This indicates that S. degrangei populations are less variable then populations of the mentioned species and although the degree of isolation appears low, the possibility of dispersal and contact is indicated as discussed later.
The haplotype network in S. degrangei is relatively deep in comparison with other blackfly species and it consists of a relatively high number of missing intermediates. In P. neomacropyga 26 haplotypes with a maximum of only five mutational steps between haplotypes and only one missing intermediate were recognized , and in M. coloradensis the haplotypes were isolated with a maximum of five mutational steps (Finn & Adler 2006) . Both species are relatively compact and they do not show strong haplotype differentiation. While the higher number of missing intermediates in S. degrangei may possibly be explained by the lower sample size, the number of mutation steps could not be lower even with increased analyzed material. Three outlier haplotypes in two branches are responsible for the high number of missing intermediates, where MK04 was found in two copies in MK and MK05 and VF04 were together in one copy of MK and VF. While the position of these three outlying haplotypes indicates the presence of a possible second unit within the Western Carpathian populations of S. degrangei, haplotypes from the most distant GR population are closer to the other Western Carpathian populations.
The remaining 18 haplotypes form a relatively compact haplotype network, although more diversified than in P. neomacropyga or M. coloradensis Finn & Adler 2006) . The position of MK03 as the ancestral haplotype is supported by its frequency, its presence in all three Western Carpathian populations and by its interior position. It forms the basis for the nested clade 1-1, comprising another four haplotypes of which three are private for MK and one for VF. The VF03 haplotype represents the next node from which other clades fork, and the closest descendants were most often located in the central part of Western Carpathians (VF+ZT). The existence of a higher number of tip haplotypes may either indicate the persistence of the original haplotypes, or else continuous evolution. Current data enables the expectation and interpretation of both processes which may have been contemporaneous.
The results of NCPA do not allow inference of any genetically-geographic structure of S. degrangei populations in the Western Carpathians (details not displayed). The scattered distribution, rare occurrence and breeding in rithral enable the hypotheses concerning the range expansion in the past and following allopatric fragmentation. Based on the available genetic data, neither of these processes can be excluded. With regard to the highest number of haplotypes, and because of the presence of the MK03 root haplotype, it can be assumed that the area of MK may have been a refuge from which the species spread eastwards and later the area became fragmented. Another explanation could be that the occurrence of MK03 in all populations is residual from the period when they were merged and that new haplotypes evolved in the separated populations following fragmentation.
It can be inferred from these facts that recent allopatric fragmentation is more likely than continuous range expansion. Such range expansion most likely occurred in the past, during Boreal and Preboreal periods, when several blackfly species may have occupied more continuous areas and spread from the refugia. This has been reported for the Central-European high altitude species Prosimulium latimucro Enderlein, 1925, Twinnia hydroides Novák, 1957 and Simulium oligotuberculatum Knoz, 1965 (Jedlička 2006 . It cannot be excluded that such re-colonisation occurred independently, and simultaneously or gradually, from two refugia and directions during periods of more favourable conditions for the species. Subsequently, in the Atlantic, or even later, this formerly continuous population may have become fragmented, since similar processes have been recognized in many European mountain species and especially those in dinodal mountain species (Malicky 1983 (Malicky , 2000 Pauls et al. 2006; Schmitt et al. 2010) .
Despite the small group of outlying haplotypes, all other measures of genetic diversity indicate a low differentiation of these populations ranging from 1.24 to 2.45%. These values are higher than mean intraspecific divergence 0.72% found by Rivera & Currie (2009) in North American species, but within the range 0-3.84% given in the same study for within species divergence. In other congeneric blackfly species the divergence among population was found much higher, 2.8-18.5% (Ilmonen et al. 2009; Rivera & Currie 2009) , and even in both known and suspected species complexes the divergence values range from 4.5 to 6.5% (Rivera & Currie 2009 ).
However, even if the COI gene is considered to be suitable for species discrimination in general (Rivera & Currie 2009 ) it must be kept in mind that sibling species may not greatly differ in their molecular structure, and that the siblings or cytoforms can share the same haplotypes as it is found in the Simulium arcticum complex (Conflitti et al. 2010) , Simulium vernum s. str. and Simulium crenobium (Ilmonen et al. 2009) , and also partly in the S. damnosum species group and (cf. Morales-Hojas & Krueger 2009; Adler et al. 2010) .
According to the HT network, the results of AMOVA and NCPA, it is not possible to reject the working hypothesis and it can be concluded that the analyzed populations of S. degrangei belong to a single taxon. On the other hand, the high genetic diversity might be connected with migration between populations. However, the possibility of migrations seems to be in contradiction with known biology and distribution of the species. The high genetic diversity, although within known intraspecies range, together with the existence of outlying HTs could indicate the existence of infraspecific forms within the species. To solve these taxonomical issues, additional analysis of populations from larger area is necessary.
